Even though simulation has been used so far in manufacturing facilities for modelling supply chain management, production management, and business processes, its applications in managing the energy consumption within manufacturing companies represent a new and innovative research domain. This prompted the research undertaken for the work present in this paper. The main focus of this research is to analyse production management in a manufacturing facility and correlate it with the energy consumption. The research initially concentrates on different simulation methodologies and their application in the current manufacturing domain. Literature relating to the correlation of energy consumption with production management has also been reviewed. This review identified very few previous instances where simulation tools were used to predict the energy consumption in a manufacturing facility. This research brings a novel approach to investigating the adaptability of industrial simulation processes and tools for modelling the energy consumption with respect to a variable production output. The end result of this investigation consists of a better understanding of the production system and the energy losses that were captured by the simulation model.
Introduction
The case study company considered for this research project is a high density fibreboard (HDF) manufacturer. This paper will outline the development of a simulation project that will model the energy utilisation along with the production process of the case study company. Modelling the energy consumption with respect to the production output is a relatively new and innovative research domain within industrial process simulation. The majority of automated manufacturing plants consume high amounts of energy and they usually rely on sophisticated data management systems which monitor, record, and control production resources. Unfortunately the majority of these plants have neither the time resources nor skills necessary to analyze and utilise the gathered data to its full extent. The proposed novelty of this research lies in the application of traditional industrial simulation tools for modelling and optimizing raw material processing to include energy consumption for sustainable and cost efficient production of HDF units.
Research on energy consumption within the manufacturing sector has experienced significant growth in recent years due to high energy costs and its impact on the environment [1, 2] . Modelling this energy consumption can provide an understanding of how efficiently this energy is being used and identify areas for optimisation. Duflou et al. [3] report that industrial usage contributes to 51% of the total global energy consumption. This industrial consumption can be further broken down and it has been estimated that, in 2002, manufacturing activities were responsible for 84% of US energy-related industry CO 2 emissions and 90% of US industrial energy consumption [4] . In the UK in 2013, industrial energy consumption accounted for 16% of the total energy consumption. However this energy consumption was 51% lower than it was in 1970 [5] . This reduction has been driven by efficiency gains and changes in the structural nature of the industrial sector, such as the reduction in iron and steel industries. Significant energy savings can be made if one can simulate and model the energy consumption within the industrial process. Gontarz et al. [6] report that the EU estimates an energy saving and energy efficiency 2 Journal of Industrial Engineering potential in the manufacturing sector between 13% and 29%. These potential savings have been backed up by a number of case studies such as Diaz-Elsayed et al. [7] , where a discrete event simulation model was used to evaluate different strategies, including energy consumption, and resulted in 10.8% reduction in production costs. Diaz and Dornfeld [8] reported on the use of a discrete event simulation model to reduce the energy consumption by 8.5% in a flexible manufacture system. Discrete event simulation is one of the most commonly used techniques for analysing the dynamics of a manufacturing system [9] and a number of papers have specifically focused on its use in the simulation of energy consumption within the manufacturing sector [1, 10, 11] . Thiede et al. [2] report that environmental aspects are not currently considered as standard functions within existing discrete event simulation software.
Li and Pang [12] present findings from their work on the modelling of energy demand in an MDF plant, Carvalho et al. [13] also present work on modelling energy utilisation required for the hot pressing of MDF. Jingge et al. [14] from the University of Canterbury developed a computer model to quantify the energy demand in an MDF plant based on the commercial production process from wood chip preparation, refining, fibre drying, mat forming, and batch pressing to product finishing. The model was validated using plant data which demonstrated it was able to predict energy demand within a discrepancy of −5% to 7% for thermal energy and ±4% for electricity. Jingge et al. [14] state that according to their knowledge "there has not been any energy demand models published for a commercial MDF plant." These studies demonstrate the effective use of simulation in predicting the energy demand and consumption in medium density fiberboard production facilities, which would be analogous to HDF production processes, by looking at production management modelling.
The primary focus of the research presented in this paper was to model the case company's production processes with a view to improving overall production and energy efficiency. The manufacturing process of the case company includes two main production lines and a finish line, which, combined, requires 85% of the company's energy needs. Testing and implementing proposed production and energy efficiency scenarios on physical line setups can be costly and in most instances just not feasible. Through developing simulation models that are representative of the actual production processes, the case company was able to conduct a research on a wide range of production and energy efficiency scenarios without having to impact on any physical production process. Defining and testing multiple production and energy consumption scenarios through the developed simulation models enabled the company's production engineers to be better positioned to determine optimal production systems parameters for increased production and energy efficiencies.
Research Methodology
The research methodology developed by the authors within this study is adapted from [15] and is summarised as follows. Figure 1 : The key stages and processes of simulation studies [15] .
Model coding Experimentation
(i) An investigation into production management and energy consumption within the case company with respect to establishing the correlation between the production volume output and energy consumed by production processes. This involved analysing the layout and workflow of the company's production lines, in addition to conducting quantitative analysis of production and energy utilisation data from the Company's PI and eSight systems used for production and energy monitoring on site. Qualitative research interviews were conducted on site with processes engineers, production managers, planners, and line technicians to establish and validate baseline production data. These interviews also informed the production scenarios that were ran on the completed simulation model in addition to informing the validation of the data and results generated from the models.
(ii) A review of computer simulation tools and their applications was completed as part of this research. The objective of the review was to select the most appropriate simulation tool for modelling the HDF production processes for this research project. The review also gained an understanding of the concept of simulation, its advantages, and limitations through technical and case study reviews. A number of different simulation tools were reviewed for this research project. The outcome of this review process is summarised and presented in this paper.
(iii) A literature review of relevant journal articles addressed the problem of correlating the energy consumption to the production management by using simulation in a similar manufacturing environment.
(iv) Execution of the simulation process: this included the development of the conceptual model, data collection and analysis, model coding, validation of the model, simulation run, scenario implementation, and the analysis of the output results. Figure 1 shows the key stages and processes of a simulation model.
According to Robinson [15] "the boxes are the key stages in a study and represent the important deliverables":
(i) a conceptual model which represents a description of the model to be developed,
(ii) a computer model which represents the simulation model developed on a computer, (iii) the solutions and/or understanding which comes about as a result of the experimentation, (iv) an improvement in the real world which will be obtained from the implementation of the solutions and/or understanding gained, while Robinson [15] considers the arrows to be the processes that enable the movement between the four stages, (v) conceptual modelling which represents understanding of the problem, determining the modelling objectives, the inputs, the outputs, the model content, and collection of and analysis of the data that is required to develop the model, (vi) model coding that converts the conceptual model into a computer model, (vii) experimentation represents the implementation of scenarios in order to obtain a better understanding of the real world and to find solutions to the real world problems, with this phase representing a cyclical process that makes changes to the model's inputs, running the model, inspecting the results, learning from the results, making changes to the model, and so on (Figure 2 ), (viii) implementation that according to Robinson [15] can mean implementing the findings of the simulation model in the real world or implementing the learning that can help in future decision making.
HDF/MDF Production
In his paper, "The Family of Wood Composite Materials," Maloney [16] defines wood composites as being "materials that have the commonality of being glued or bonded together." He also considers composites to include panels, molded products, lumbers, large timbers, components, and products made through the combination of wood with other materials. In the same article Maloney [16] groups plywood, variations of structural panels, and glued laminated timber under the name of engineered wood products (EWP). Later, particleboard and medium density fibreboard (MDF) have also been described as being engineered wood products. Maloney [16] defines medium density fibreboard (MDF) as "a dryformed panel product manufactured from lignocellulosic fibres combined with a synthetic resin or other suitable binder." He also states that MDF production originated in Deposit, New York, in 1966. At the same time he acknowledges previous work that considers the first MDF was manufactured in a plant in Oakridge, Oregon, or in Meridian, Mississippi. As stated above, the base of the MDF production remains the softwood. A diagram of the MDF production process is presented in Figure 3 . The production process of an MDF manufacturing company, as described by Li and Pang [12] , starts with the logs of soft wood. These are first chipped and then transported to the manufacturing plant where they are stored in the chip yard. They are then washed and fed to a hopper. In the hopper they are heated using low pressure steam and then they are fed into the preheater or the digester where saturated steam further heats and softens the chips. These are then fed to a refiner which breaks them down into wood fibres at 180 ∘ C. At the refiner entrance a small quantity of paraffin wax is added as moisture repellent. The next step in the manufacturing process is the injection of resin solution when the fibres reach the blowline. From here they are directed into a tube drier where they are dried to a target moisture content of 10-12%. The dried fibres are then directed to storage bins before they are sent to the vacuum forming station for mat formation. A continuous cold press then reduces the mat's thickness, before being cut to size and compressed into a batch press. After the hot pressing the panels are cooled into a star drier and then stored for a few days before sanding, trimming, and cutting into market sizes for packaging.
Developing the Simulation Model

Conceptual
Model. The first step in defining the conceptual model is defining the research problem. The case company is a HDF manufacturing company and it is one of the largest energy consumers in its located country. The production process, which consists of two main production lines (Line 1 and Line 2) and the finish Line, accounts for over 80% of its total energy consumption within the Plant. The main problem for the company, which also forms the problem definition for the presented research is that the energy consumption for the production plant has remained constant despite a drop in their production demand. The problem definition for the research presented in this paper is addressed through the optimisation of production processes for more efficient energy utilisation. The novelty of this research is the in modelling of energy utilisation of production processes using traditional industrial simulation tools that can correlate production output to an energy unit input. Having identified the problem, the next step is to determine the modelling objectives. The main objective is to Figure 3 : HDF/MDF production process: Li and Pang [12] . lower the energy consumption, more specifically, and lower the number of kilowatts consumed per every HDF Unit produced. One of the major constraints of this research is the fact that the three lines are automated and are part of a continuous process, which makes it difficult to alter their layout. That is why the focus of the research is directed at the production schedule. Therefore the main objective is to reduce energy consumption by improving production management through the validation of more optimal production schedules scenarios. Production constraints include the case company order lead-time, which is two weeks. This means that the company has to be able to predict some of the orders coming in and they cannot stop production for more than 4 days. With the problem and the objectives defined the next stage is to design the conceptual model that starts with the inputs and outputs. These are described as the experimental factors and the responses. A diagram of the conceptual model can be found in Figure 4 . The key system inputs are encapsulated in the production schedules for the three main production lines. These production schedules contain key input data about the 3 production lines such as energy consumption in Kw/Hrs, downtime, production process, WIP, and inventory levels.
The response in terms of defining the achievement of the objective (system output) will be the percentage of saved energy, which translates into the amount of money being saved. In terms of identifying the reasons to meet the objectives, the responses will be presented under the form of histograms of hourly energy consumption, of daily downtimes, and of machine utilization. Having identified the model's inputs and outputs, the authors proceeded to identify the content of the model itself. The first issue the authors recognized was that the model needs to be able to accept the experimental factors and to provide the required responses. Therefore the model must be able to represent the schedules for the three main production lines and to provide the relevant reports: the hourly energy consumption, the daily downtimes, and the machine utilization. The model also needs to include the production process along with information on the conveyors, the downtimes, the energy consumption data, the work in progress, and the warehouse stock information. 
Simulation Tool Selection.
Tewoldeberhan et al. [17] describe a methodology for performing an evaluation of discrete-event simulation packages. The authors acknowledge in their paper that the cost and the time involved in the process of evaluation and selection of a simulation software package can be considerable, unless an efficient selection methodology is used. The methodology applied for selecting the most appropriate simulation tool for the research work presented in this paper was structured in 2 phases. The first phase includes the selection of simulation software tools based on a number of specific criteria and related features for assessing simulation software tools. The simulation tools that satisfy features identified from the first phase will be advanced to the second phase where they will be ranked and comparatively evaluated against each other in respect of criteria of importance to our specific modelling requirements. The list of specific criteria and related features for critiquing simulation tools is presented in Table 1 .
In order to evaluate simulation software packages on the market, according to these criteria, the authors have used two simulation software surveys published by Swain [18, 19] Table 1 in addition to the simulation context and constraints established from the concept model, the majority of simulation tools listed in the Swain surveys were discounted. The authors were able to reduce the list of potential suitable simulations tools for this research project down to 10, which included @Risk, Arena, Any Logic, Decision Tools Suite, Micro Saint Sharp, Proof, ProModel, Simcad, Simio, and Vanguard. All of these simulation packages address manufacturing and to a certain degree energy modelling requirements.
Out of the initial 10 simulation tools identified, the authors filtered the list down further to three simulation tools which would be suitable for the project's research modelling requirements: Process Model, Arena, and ProModel. The other packages were disregarded as they did not allow model building using programming or access to programmed modules (e.g., Proof), no input distribution fitting (e.g., Micro Saint Sharp), no code reuse like objects or templates (e.g., Decision Tools Suite), very expensive, even for an academic license (e.g., Any Logic), no optimisation algorithms (e.g., Simio), and no real time viewing (e.g., Vanguard).
Phase 2 of the selection process involved ranking each of the 3 identified simulations with respect to fulfilling essential criteria. The most important criteria considered essential were coding and visual aspects, technical support or modelling assistance, efficiency, the execution criteria or experimentation, testability, and Input/Output criteria. Weightings were applied to the different criteria, with each of the 3 simulation tools awarded a numerical score in order of importance for each criterion and associated features. Table 2 is a summary representation of the comparative analysis between ProModel, ProcessModel, and Arena that were assessed based on essential modelling criteria for this project. Table 2 indicates that ProModel scored relatively higher across all criteria than the other 2 simulation tools, Arena and ProcessModel, ProcessModel lost points in terms of visual aspects, which are very important to this project from a presentation and icon customization point of view. ProModel and Arena have better modelling assistance capability when compared with ProcessModel. They also scored better for efficiency and experimentation criteria. From the testability point of view all of the simulation models scored the same, however, for the Input/Output criteria, ProModel and Process Model 7 points, while Arena only scored 5 points. Arena lost points in data statistics generation and the verification of data consistency, which are two important parts in the validation and data analysis processes. Based on the outcome of the selection methodology that was applied, the authors considered the ProModel simulation tool as the most appropriate in respect of the modelling and simulation features required for the research project.
Data Collection and Analysis.
The conceptual model presented above needed to be complemented with real data in order for the simulation model to have a solid base and be credible. From this point of view data collection is the most difficult and important part of the simulation model building process. Most of the simulation models run but the quality of the output data is heavily dependent on the quality of the input data. The type of data needed to be collected is usually dictated by the objectives of a project. In the case of this research project the input data includes but is not limited to production schedule, conveyor speeds, and length and historical energy data. This data was collected from the two monitoring systems available on the site. "PI," developed by OSIsoft [20] , is one of the data collection systems installed in the case company. It is an operational event and real-time data management infrastructure, which brings together all the different types of data from a variety of sources like systems, equipment, solutions, applications, locations, networks, and suppliers. PI gathers and archives large volumes of data on servers. It converts the real time data into actionable information, offering access to real time or historical data for the entire enterprise at any time. It notifies people anywhere from plant to boardroom and it allows for anyone to view the data graphically, to identify problems, and to take corrective actions.
The second monitoring system used by the case company is an energy monitoring system called "eSight" [21] . This is an intranet solution that provides energy reporting and analysis of demand and consumption. It enables the user to monitor standard utilities such as electricity, gas, and water. It also facilitates the presentation of data to be presented in a wide range of graphs, tables, reports, and exports. In addition, reports may be run on an ad hoc basis, saved as templates for later use or scheduled for automatic production and distribution by email. Reports can also be configured to monitor contracts, available capacity, and maximum demand. Since much of the raw data collected from the systems described above cannot be inserted into a simulation model directly, some input analyses such as probability distribution analysis were performed. All the data that was collected over the period of one month was analysed and recorded in an Excel document called "Interface.xls." A graphical representation of all the spreadsheets of this document can be found in Figure 5 . This shows the connections between each sheet and the selected simulation tool (ProModel) [22] situated in the middle, as well as the connection between the spreadsheets themselves. The Interface document template also replicates the look and feel of most of the documents currently generated in the company. From this point the data is imported into the simulation model and used to predict stocks and energy consumption as well as performing various scenarios with the purpose of lowering the energy consumption. The data generated by the model is then exported in the "Results" excel document. This will contain general results on production and energy consumption.
Simulation Model Build and Execution.
The authors started to build the simulation model by mapping the three main production lines. You can find a screenshot of the ProModel simulation model in Figure 6 . After defining the locations the authors proceeded in defining the entities of the simulation model representative of the wood fibre, the panels, and the skins. For the purpose of modelling the energy consumption, the production schedules, and the production downtimes a control entity has also been defined. As an example, in the case of energy consumption, the control entity cycles inside the location every hour, determining the times at which energy consumption needs to be recorded. The next step in the simulation model development consisted of the definition of the processes that the entities need to follow within the system. This resulted in a basic representation of the production process of the case study company, which was followed by the implementation of the production schedules. The data representing the three production schedules for the three main production lines was imported from the excel interface document spreadsheet. The control entity created in Figure 6 is used to determine each day's production schedule by cycling inside each location at an interval of 24 hours. After the implementation of the production schedule for the three production lines, the authors proceeded in the implementation of the production downtimes and the energy consumption. This part of the model uses the distributions created from the raw data gathered in the case study company. In terms of the energy consumption, the model records the data every hour. For the data to reflect the reality, the model samples three different user distributions depending on the schedule of the production line.
The final part in the model coding was the implementation of the work in progress and the warehouse stock. During the simulation run, the model is populating seven different arrays with results of the daily production, hourly energy consumption, and work in progress as well as warehouse stock and demand. All of these results are exported in the Results.xlsx file where, for a better understanding of them, reports, charts, and diagrams are being created.
Model Validation and
Scenario Implementation contain the production schedules for the three production lines. These include the day of the month, the run schedule for each day, the planned production, and the production resulted from the simulation model.
The overall results page records the total amount of HDF Units produced by each of the two main production lines and the total amount of HDF Unit cut by the finish line. The stock levels spreadsheet records the amount of HDF Units available in the work in process area (WIP) and the warehouse, before and after the simulation run.
This sheet is meant to assist the case study company to predict the types of HDF Units they need to produce according to their demand. The final three sheets Line 1 Energy, Line 2 Energy, and Finish Line Energy record energy consumption throughout the simulation run. Both Line 1 and Line 2 record eleven values each for every hour within the simulation run while Finish Line records five values for every hour within the simulation run. All of these values form data streams corresponding to the energy meters that monitor the production process. After the data is exported in the corresponding excel spreadsheets, it can be analysed with the help of graphs and charts. An example of the Finish Line energy consumption graph throughout a month can be found in Figure 8 .
The horizontal axis represents the days of the month while the vertical axis records the amount of energy in kilowatts per hour consumed. The five streams of data that can be observed through this graph represent energy consumption recorded by five energy meters in the production process that monitor the energy consumed within the Finish Line: MCC91, MCC92, MCC93, MCC94, and MCC95. Each of these meters records the energy consumed by different parts of the production line. From Figure 8 the times can be observed when the line was running and when it was in shift cycle downtime. Looking at the graph at a larger scale one can also observe the downtimes in the line and the part of the line that corresponds to these downtimes. Further analysis can allow production engineers to avoid certain unpredicted events, if the simulation is being run on a longer period of time. As an example they may notice the repeated or prolonged occurrence of certain downtimes within the energy consumption recorded by a certain meter. This could give them enough time to investigate that specific part of the production line and prevent the downtime from happening. Another way of looking at the data exported by the simulation model shows that out of the three production lines Finish Line consumes the least amount of energy per month while Line 1 and Line 2 are the main consumers with roughly the same amount of energy consumed per month. This can be noticed in Figure 9 which looks at the energy results within a month of simulation run. The horizontal axis records the days of the month while the vertical axis presents the amount of energy in kWh consumed. The three streams of data that are being graphed represent the total energy consumed by each production line, recorded on an hourly basis within the simulation run. In addition to energy consumption, the simulation model also exports data related to production for each of the three lines. These two sets of data can be helpful in understanding the correlation between energy consumption and production. Figure 10 shows this correlation for the two main production lines: Line 1 and Line 2. The Finish Line is not presented on the same graph here because of the significant difference in both the energy it consumes and its production levels compared to the other two lines. From Figure 10 it can be observed again that the two main production lines follow roughly the same linear trend when it comes to production and energy consumption. The more the lines produce, the more energy they consume.
Model Validation.
The authors started the model validation by looking at the real world data gathered from the case study company. In order to prove that the model is valid the authors sampled one month of actual data which included the production schedules for the three lines and the actual energy data. The authors compared side by side the production schedule and the actual energy data. This resulted in three main data streams: the first one contained the actual energy data for only the periods when the line was Running, the second one contained the actual energy data for only the periods when the line was in Market Downtime, and the third stream recorded the actual energy data for only the periods when the line was in shift cycle downtime. This process was repeated for each production line. At the end of this process the actual data was recorded in the Interface document.
The next step in the testing process involved running the simulation model five times. At the end of the simulation the results were exported in the Results document. This document reflects the average monthly energy consumption that was calculated for each of the production lines that are monitored by multiple energy meters. The authors decided to compare the monthly energy consumption generated from the simulation model for each meter as well as the overall energy consumption of each of the production lines with the actual production and energy data gathered from the case study company. This process was executed in a new document called Validation. This document contains the actual monthly energy data taken directly from company's PI and eSight systems, as well as the monthly data from the five runs of the simulation model. For greater accuracy the actual data was compared to the average data of the five simulation runs and the comparison was made based on common inputs of the production schedule. Figures 11, 12 , and 13 present graphs of the energy consumption data extrapolated from actual production processes compared with the average energy consumption data generated from the five simulation runs for Line 1, Line 2, and the finish line. The results indicate that the difference between the two sets of data (simulated versus actual) is not significant. For Line 1 the model is able to simulate the functionality and the energy consumption for this production line with an average accuracy of 96.53%. This has been calculated by dividing the total average simulation run energy consumption for the 5 simulation runs to the total actual energy consumption for Line 1. The margin of error within which the simulation model predicts the energy consumption for Line 1 is −4.77% to −2.71%.
For Line 2 it can be seen from the associated graph that, apart from the Refiner Power, the rest of the simulated energy utilisation figures produced a very small difference when compared to the actual energy utilised within the production process. The results show the model is able to simulate the functionality and the energy consumption of production Line 2 with an average accuracy of 100.71%. This result was obtained in the same manner as for line 1, by dividing the total average simulation run energy consumption from the 5 model runs to the actual energy consumption for Line 2. The margin of error within which the model predicts the energy consumption of Line 2 is −0.04% to 1.62%. The simulation model data for the finish line generated energy utilisation figures to an average accuracy of 94.94% when compared with actual energy utilisation figures for the line. The average accuracy figure was calculated in the same way as for Line 1 and Line 2. The margin of error within which the simulation model predicts the energy consumption of the finish line is −5.71% to −4.19%. The margin of error for all three lines was calculated by analysing the five simulation runs, choosing the minimum and the maximum total energy value recorded between them and comparing it with the actual energy consumption recorded in the production process for the selected month. The margin of error is to be expected as the model uses probability distributions to simulate the production and energy consumption of the production processes associated with the 3 lines. Table 3 presents the data collected from production processes as well as the data from the simulation model in terms of production volume. Column two presents the production data for Line 1, column three presents the production data for Line 2, and column four shows the production data for the Finish Line. The first row in this table looks at the actual data logged while the next rows look at the data logged in each of the five simulation runs for the three main production lines. The final two rows of the table record the average of the production data recorded in the five simulation runs as well as the percentage of the this average out of the actual data recorded. This data shows the simulation model is able to predict the case company's production output within an average of 3.06% for Line 1, 1.59% for Line 2, and 0.86% for finish line. For a better comparison with the real data the authors decided to calculate the amount of energy consumed for each HDF Units skin processed within the three production lines. In order to accomplish this, the total amount of energy consumed by each line has been divided by the total amount of HDF units produced by that line. The total amount of HDF' units produced by each line was obtained by multiplying the number of press loads by 14, as there are 14 dies in the production press. The results can be found in Table 4 .
From Table 4 it can be determined that the accuracy of the simulation model in terms of kilowatt hours per unit (where 1 unit corresponds to 1 HDF Unit) for Line 1 is 93.67%, for Line 2 is 99.14%, and for the finish line is 95.32%. The authors, along with the production engineers from the case company, are satisfied that this is an acceptable margin of error as long as this data acts as a base for future variations of the model to be compared against. This would give a more realistic view of improvements made by future experiments conducted on the three production lines.
Conducted Scenarios Experiments.
After the validation of the model the authors proceeded to implement a number of scenarios, which look at varying the model inputs to try to optimise the model outputs with the scope of lowering energy consumption and in the end lowering the kilowatthours per unit value for each line. The case company has also been involved in this process as they already have proposed a number of scenarios. They identified a number of projects they could implement to lower the energy consumption and decided to use the simulation model in order to prioritise between them. The first three experiments chosen to represent scenarios in the simulation model look at what the impact the reduction of energy consumption of the refiners and driers will have on the kilowatt hour per unit output and overall energy consumed. The following two scenarios look at lowering the press cycle time for both main production lines (Line 1 and Line 2) and how this impacts on production and energy consumption output in terms of kilowatt hour per unit. The last scenario looks at the impact that a change in the shift cycle might have on the production and energy consumption outputs. With this in mind the six chosen scenarios are as follows:
(i) 10% energy savings on refiners,
(ii) 10% energy savings on driers, (iii) 15% energy savings on driers, (iv) 3% press cycle time reduction, (v) 8% press cycle time reduction, (vi) 4-3-shift-cycle scenario.
The above scenarios have been implemented and run 5 times in order to determine a realistic average energy saving. The first scenario (Table 5 ) looked at the effects of lowering the refiners' energy consumption by 10% on the overall energy consumption and the kilowatt hours per unit. The companies production engineers are planning to achieve this target by redesigning the refiner plates and by making sure they maintain low energy consumption through changing used refiner plates sooner. This experiment resulted in an overall drop in energy consumption of the two main production lines by 3.58% which would save the case company approximately (vi) 0.6 represents the approximation in euro, of the cost of one kW of energy consumed at the time of this study; this figure has been provided by the production engineers as the approximate figure that they are using within their estimations of the cost of energy consumption.
In terms of kWh/unit the implementation of this scenario would decrease the amount of kWh/unit by 3.60% for Line 1 and by 3.89% for Line 2. As the refiner performance does not affect the finish line, this has been left out of the calculations. In terms of cost, the implementation of this scenario would decrease the amount of C/unit by 3.24% for Line 1 and 3.70% for Line 2. The second and third scenarios looked at the effects of lowering the energy consumption of the driers by 10% and by 15%. This can be achievable by analysing the design of the driers and reducing airflows through the system where possible. Typically, during the design of the dryers, the designers build in safety margins. This design will then be taken by a production engineer who will add his own safety margins. This results in large safety margins that cause waste of energy. When the 10% energy savings on driers scenario were run, the overall results showed a decrease of only 1.62% in the energy consumption for Line 1 and 2.15% for Line 2. This was translated in a total of approximately C170,000 savings per year. This can be calculated by using the cost formula presented in Table 3 and the data in the Table 6 , by adding the Line 1 and Line 2 C saved/month and multiplying this sum by 12. In terms of the amount of energy consumed for each HDF Unit produced, the implementation of this scenario resulted in a 1.94% decrease in the amount of kWh/unit for Line 1 and 2.22% decrease for Line 2. Apart from this, the implementation of this scenario would decrease the cost per unit by 1.39% for Line 1 and 2.31% for Line 2. The 15% energy savings on the driers scenario also resulted in fairly low energy savings of 2.43% for Line 1 and 3.23% for Line 2. By using the cost formula, as previously detailed, the cost of these energy savings can be calculated at approximately C254.000 per year, or 2.31% of cost savings for each unit produced by Line 1 and 3.24% cost savings per unit produced by Line 2. This scenario also decreased the amount of kW/unit by 2.49% for Line 1 and 3.33% for Line 2 as it can be seen in Table 6 .
The next two scenarios looked at the press cycle time for the main two production lines. The case company wanted to consider lowering the press cycle times associated with these lines by 3% and 8% respectively. The simulation model provided a better understanding of the impact the implementation of these two projects could have on the amount of kWh/unit consumed. The fourth considered scenario is the lowering of the press cycle of both production lines to 3%. This resulted in a reduction of energy consumption for Line 1 from 610,737 kWh per month to 607,175 kWh per month which represents a 0.58% decrease in energy consumption. For Line 2 the monthly energy consumption dropped from 634238 kWh to 632,014 kWh which represents a 0.35% decrease in energy consumption. The overall decrease in energy consumption for the two lines would save the case company approximately C40,000 per year. This cost is calculated from the data presented in Table 7 by adding the Line 1 and Line 2 C saved/month and multiplying this sum by 12. Apart from this saving an increase in production can be noticed: from 169,400 units to 175,784 units for Line 1, which represents a 3.77% increase and from 176,232 units to 182,938 units for Line 2, which represents a 3.80% increase. This implies a decrease of the kWh/unit by 4.43% for Line 1 and 4.17% for Line 2 ( Table 7) .
The next scenario considered was the ideal 8% press cycle time reduction for both of the production lines. This resulted in a decrease in energy consumption form 610,737 kWh to 603,403 kWh for Line 1, which represents a decrease of 1.20% and from 634,238 kWh to 627,577 kWh for Line 2, which represents a decrease of 1.05%. This would save the case company approximately C100,700 per year, cost calculated by adding the C saved/month for both Line 1 and Line 2 and multiplying the result by 12. Similarly to the previous scenario an increase in production was noticed from 169,400 units to 184,212 units for Line 1, which represents an 8.74% increase and from 176,232 units to 192,052 units for Line 2, which represents an 8.98% increase. This decreased the kWh/unit value by 9.41% for Line 1 and 9.44% for Line 2. This was found to be the most productive scenario encountered and the data can be found in Table 8 .
The final scenario considered was the change in the production cycle from 10-4 to 4-3, meaning that, instead of 10 days running and 4 days shift cycle downtime, the factory would be running 4-day with 3 night shift cycle downtime. After running the scenario five times, the authors compared the average results to the base line simulation results. Table 8 shows the results in detail. In the case of the 4-3 shift cycle scenario the energy consumption for each line changed is as follows: The results also show that the case company would pay approximately C92,000 more per year on energy consumption. This cost has been calculated by adding the amounts listed in the C saved/month row from Table 9 and multiplying the result by 12. At the same time the cost/unit would decrease by 0.46% for Line 1 and 10% for finish line, remaining the same for Line 2. This is possible because of the production increase from 169,400 units to 176,094 units for Line 1 and from 648,702 units to 673,174 units for finish line.
Conclusions and Recommendations
The validation process looked at one month of actual data collected from the case company. The testing and validation process resulted in a stream of data that represented a baseline for further experiments and scenarios implemented on the simulation model. The following six scenarios were then considered to implement, with the scope of lowering the amount of energy consumed for each HDF unit produced (kWh/Unit):
(ii) 10% energy savings on driers, (iii) 15% energy savings on driers, (iv) 3% press cycle time reduction, (v) 8% press cycle time reduction, (vi) 4-3 shift cycle scenario.
After the six scenarios were implemented within the model and the simulation was run five times for the period of one month, the data was collected and analysed. Table 10 presents all the data gathered from the 6 scenarios. After running all the scenarios and analysing the data presented above it can be quantified that the case company could save up to C675,500 per year if they were to implement the best-case scenarios: scenario 1, scenario 3, and scenario 5. Scenario 2 and scenario 3 are mutually exclusive as well as scenario 4 and scenario 5. However the authors recommended the implementation of scenario 4 or 5, which assume a decrease in the cycle time of the two main production lines presses by 3% and 8%, respectively. Even though this does not result in a major reduction in energy consumption, it represents a substantial boost in productivity, which increases the savings in kWh/Unit to up to 9.44%. This means the case company would consume almost the same amount of energy but produce almost 10% more HDF units. Another scenario that should not be disregarded is the 10% decrease in energy consumption on the refiners. This would bring the energy consumption as well as the kWh/Unit down by over 3.5% which would save the company approximately C320,800 per year. The authors consider that the scenarios mentioned above can be seen as the best ones to implement in terms of long-term investment with a steady return for the case company.
The HDF process simulation model developed for this research can be further developed to cover other forms of energy consumption. This would require further research in the area of thermal energy consumption as well as production management, which was outside the scope of this research. The primary role of the developed simulation model was to help the case company understand the implications of the different scenarios they would like to implement on the actual production system and to provide them with some insights around the returns that those scenarios could bring. The following are some recommendations for future work in this area.
(i) This model was developed for a HDF manufacturing company. The same modelling and development approach can also be applied to other manufacturing processes which rely on highly automated processes with sufficient data for modelling.
(ii) Although the model already implements most of the case company's processes, it is limited to the three production lines which consume the most electrical energy. As a future implementation the model could include the representation of the entire factory operation to include all production processes. This will allow for a better understanding of the entire manufacturing system and may uncover different implications of the implemented scenarios.
(iii) A further development of the simulation model could also include the modelling of thermal energy (heat and steam). This could have a great impact on identifying where expended thermal energy output from critical production resources may be captured and reused. It should also investigate multiple closed loop scenarios that could be deployed to convert captured energy back into electrical energy that could be reutilised.
(iv) The current simulation model does not take into account the case company's supply chain. The authors recommend a future development to include the implementation of the supply chain management as well as distribution management systems within the simulation model. This could assist the case company to make decisions regarding their needs for raw material, inventory levels, and production schedules. If the company can simulate the demand, it would be able to adapt its production schedule to suit it. This could result in major savings in energy consumption.
(v) The simulation model could also facilitate the user with cost reports. At the moment all the cost calculations are done in the excel document where the results are exported. At the same time these cost calculations represent an approximation of real energy costs and do not keep track of the difference between day and night or summer and winter tariffs. This could be a major addition to the simulation model as the costs could be implemented to keep track of different energy prices at different times of the day/year. This will provide the case company with an extra level of accuracy that will assist in the decision-making process regarding production schedules.
(vi) A final addition to the simulation software could be the implementation of an alternative energy source, such as a wind turbine or solar panels. The simulation of these resources could help the case company realise the return on a major investment like this and also facilitate the decision making process by backing it up with simulation data.
